The catechol-O-methyltransferase (COMT) gene is a schizophrenia susceptibility gene. A common functional polymorphism of this gene, Val158/158Met, has been proposed to infl uence gray matter volume (GMV). However, the effects of this polymorphism on cortical thickness/ surface area in schizophrenic patients are less clear.
INTRODUCTION
Catechol-O-methyltransferase (COMT), which metabolizes the neurotransmitters dopamine (DA), epinephrine, and norepinephrine, has been reported to be related to schizophrenia [1] [2] [3] [4] [5] [6] . Studies have also shown that alterations of DA signaling [7] , as well as structural cortical maturation [8] , are associated with a genetic susceptibility for schizophrenia. It has been suggested that DA plays an important role in the structural development of the cortex [9] , and inherited disruptions of DA signaling can induce cortical dysmaturation, which has been found in patients with schizophrenia onset in adolescence and early adulthood [10, 11] .
Furthermore, the catabolic action of COMT is important in regulating the levels of DA in the prefrontal cortex [12, 13] , and the structure and function of this region have been confirmed to contribute to schizophrenia. These studies suggest that COMT plays a crucial role in the onset of schizophrenia and may act on the morphological changes of brain structure in this mental disorder.
The COMT gene is located on chromosome 22q11. 22-23. A functional COMT polymorphism with a single nucleic acid change of guanine to adenine results in the replacement of valine (Val) by methionine (Met) (known as Val158Met, rs4680). This common polymorphism has been studied K eywords: schizophrenia; COMT; gray matter; imaging genetics extensively since the 1980s [14] . Compared with the Met158 allele, the Val158 allele is associated with greater COMT enzyme activity and greater DA degradation. The alleles are co-dominant as the heterozygotic genotype (Val158/ Met158) and are associated with an intermediate level of the enzymatic activity of COMT [15, 16] . Met158 carriers with Val158/Met158 and Met158/Met158 have four-to five-fold lower COMT activity than carriers with Val158/ Val158. Honea et al. [17] reported that the Val158 variant of rs4680 affects hippocampal and dorsolateral prefrontal gray matter volumes (GMVs) in healthy populations.
Previous studies also identified an effect of the COMT Val158Met polymorphism on cortical activation or functional connectivity in schizophrenia [18] [19] [20] . In addition, as GMV is determined by c ortical thickness and cortical surface area, alterations of GMV might be due to both of these measurements, or either one. However, few studies have probed the relationship between variants of the COMT gene and morphological changes, including GMV, cortical thickness, and cortical surface area in schizophrenia.
Therefore, this study was performed to explore the COMT Val158Met polymorphism underlying t he abnormal gray matter morphological changes (GMV/cortical thickness/cortical surface area) in schizophrenia.
P ARTICIPANTS AND METHODS

Participants
One hundred and fifty first-episode, treatment-naïve patients with s chizophrenia and 100 healthy controls (HCs)
were enrolled in this study. All patients were interviewed
and assessed using the Structured Clinical Interview (SCID-I/P) of DSM-IV (Diagnostic and Statistical Manual of Mental Disorders, fourth edition) [21] , and fulfilled the diagnostic criteria for schizophrenia or schizophreniform disorder in DSM-IV. Forty-nine patients diagnosed with schizophreniform disorder when they first participated in this study were followed up for at least 6 months to confirm a diagnosis of schizophrenia. Psychiatric symptoms were assessed with the P ositive and Negative
Syndrome Scale (PANSS) [22] . The HCs were recruited locally by advertisement and were screened for a lifetime absence of psychiatric illness using the Structured Clinical
Interview (SCID-NP) in the DSM-IV Non-Patient Edition [23] .
In addition, HCs were interviewed to ascertain that there was no psychiatric illness in their first-degree relatives.
Participants with evidence of organic brain disorders, alcohol or drug abuse, or any other severe physical illness were excluded.
All participants were ethnic Han Chinese. This study was carried out in accordance with the Declaration of Helsinki and was approved by the Review Board of West China Hospital, Sichuan University. All participants provided written informed consent to their participation.
Genotyping
DNA was obtained from whole blood using the standard phenol-chloroform isolation method [24] . 
MRI Data Preprocessing
Voxel-Based Morphometry
The non-parametric, non-uniformity intensity normalization technique in the MINC software package (http://wiki. bic.
mni.mcgill.ca/index.php/MINC) was used to rectify the non-uniformity of the high magnetic-field signal in all 
Surface-Based Morphometry
FreeSurfer 5.1 (http://surfer.nmr.mgh.harvard.edu/fswiki) was used to reconstruct the cortical s urface from the structural MRI scans [25] . After skull-stripping and intensity correlation, tissue intensity and neighborhood constraints were used to determine the GM-WM boundary for each
hemisphere. Then, all the surfaces were checked following an automated topology-fixation procedure, and minor defects were manually corrected. The pial surface was created by GM-WM assessment as the starting point of a deformable surface algorithm. Spherical morphing and spherical registration were processed after that. Finally, cortical thickness and surface area were calculated using the methods developed by Fischl and Dale [26] .
Statistical Analyses
Patients with schizophrenia and HCs were divid ed into the following subgroups according to the SNP genotypes:
Val158/Val158, Val158/Met158, and Met158/Met158.
A full fac torial model was used to obtain the main effects including the genotype effect and the diagnostic effect as well as diagnosis-by-genotype (D×G) interaction in the GMVs according to the genotype of the Val158Met polymorphism. Statistical significance was defined as P < 0.001 (uncorrected) with >200 linked voxels (cluster of voxels) [27] .
Then, significant region-of-interest (ROI) masks of brain regions were obtained from the results of main effects or D×G interaction analysis of the GMVs. The masks were extracted using Xjview (http://www.alivelearn.net/xjview8/) and used to acquire their respective cortical surface area and cortical thickness in Freesurfer. The binary masks were registered onto an average image using 'bbregister'
in Freesurfer, which is a boundary-based affine registration method that aligns images by maximizing the intensity gradient across tissue boundaries [28] . Then, the ROI labels were obtained from the masks and unwrapped back onto each participant's native image. Finally, the cortical surface area and thickness of each ROI were acquired by averaging the respective values from all the vertices included within the defined clusters for each participant.
RESULTS
Demographic Characteristics and Clinical Information
The demographic characteristics of participants are summarized in Table 1 . All gr oups were of comparable age, gender, and years of education. No signifi cant differences were found in PANSS scores among the three subgroups of patients.
The distribution of the COMT Val158Met polymorphism did not deviate from Hardy-Weinberg expectation in HCs (P = 0.15). The allelic and genotypic frequencies are presented in Table 2 . There were no signifi cant differences in the frequencies of genotypes and alleles between patients with schizophrenia and HCs. 
Main Effects of Genotype and Diagnosis on GMV
Compared with Met homozygotes, Val-allele carriers and
Val homozygotes showed a decreased GMV in this gyrus.
H owever, no GMV difference was found between Val-allele carriers and Val homozygotes.
Diagnosis × Genotype Interaction in GMV
A signifi cant D×G interaction in GMV was found. Our results
showed that schizophrenic patients with the Met158/Met158 genotype had a decreased GMV in the left precuneus region compared to HCs (Fig. 2) . Furthermore, the cortical thickness of the left cerebral parietal lobe in the precuneus region was reduced in schizophrenic patients with this genotype compared to HCs; however, there was no significant difference in the cortical surface area of this region between schizophrenic patients and HCs with this genotype ( Fig. 3 ; Table 3 ).
Effects of Val158Met Polymorphism on Brain Morphology in Healthy Controls and Patients with Schizophrenia
Since the D×G interaction effects occurred in the volume and cortical thickness in the precuneus, we estimated the effects of genotype on brain morphology in the HC and schizophrenic groups. In the HC group, we found a step-wise increase of GMV (P <0.01) and a trend of increasing cortical thickness (P = 0.06) in the precuneus, to the HC group, the schizophrenia group displayed no significant morphological differences in GMV (P = 0.27) and cortical thickness (P = 0.92) among patients with the Met158/Met158, Met158/Val158, and Val158/Val158 genotypes (Fig. 3) . Thus, compared to HCs, patients with schizophrenia showed a loss of relationship between Met dose and GMV and thickness in the precuneus. 
DISCUSSION
In the present study, the effect of the COMT Val158Met polymorphism on abnormal morphological changes (gray matter) in patients with schizophrenia was explored using the imaging genetic approach. We found a main effect of diagnosis on GMV, as GMV was decreased in the cerebellum and the visual, medial temporal, parietal, . Two large meta-analysis studies [29, 30] highlighted deficits in the hippocampusparahippocampus, superior temporal gyrus, and middle frontal gyrus in schizophrenia, and these abnormalities were further confirmed in MRI studies of first-episode schizophrenic patients [31] [32] [33] [34] [35] . GMV loss in the parietal cortex also occurs in schizophrenia. Abnormalities of the parietal lobe including the supramarginal gyri were reported in a meta-analysis carried out in the 2001 [30] . Recent studies also found a decreased volume of the precentral gyrus in patients with first-episode schizophrenia [36] . In addition, among twin pairs discordant for schizophrenia, reduced GMV in the pre/postcentral gyrus was found in those with schizophrenia compared with their nonpsychotic twins, suggesting that the aberrant GMV in the pre/ postcentral gyrus might be important in the development of schizophrenia [37] . Other than these regions, the cerebellum was traditionally supposed to be involved only in motor functions, but some studies have suggested its role in cognition and emotion [38] as well as in schizophrenia [39] . For example, abnormalities in the cerebellum and the occipital visual cortex have been detected in first-episode and/or drug-naïve patients [37, [40] [41] [42] [43] using either the ROI approach or the voxel-based morphometry (VBM) method. In this study, the main effect of diagnosis on GMV suggested that the GM defi cits in schizophrenia might involve widespread regions and circuits in the brain.
In line with previous studies [44] , our results supported the idea that the COMT Val158Met variant might play an important role in the abnormal development of GM in schizophrenia. Moreover, our findings suggested that the effect of the COMT gene on GMV in schizophrenia is mainly due to cortical thickness rather than surface area. The radial-unit hypothesis of cortical development suggests that cortical thickness is different from surface area and both are characteristic features of human cortical development [45] . Cortical thickness and volume follow similar developmental patterns [46, 47] . Some studies have suggested that the deficit patterns of GMV and cortical thickness are similar in patients with schizophrenia [48] , and that the aberrant cortical thickness might date back to adolescence in those patients [49] ; although contradictory results have also been found. For example, Voets et al.
found that differences in local surface area accounted for the GMV changes [50] . Moreover, although high heritability was detected in both the total cortical surface area and the average cortical thickness (0.89 and 0.81, respectively), no essential related genetics were found for them (genetic correlation = 0.08), which implied that GMV might be infl uenced by at least two distinct genetic sources [51] . These studies provided a newer and in-depth genetic view of the role of traditional GMV in pathological explanations.
In VBM method, regional GMVs are obtained by computing numbers of voxels, resulting in a mixture of thickness and cortical folding in the fi nal measures, while in surface-based methods, GMVs are calculated based on cortical thicknesses and surface areas. However, compared with FreeSurfer, GMVs based on VBM provide more precise measures of subcortical structures such as the basal ganglia [52, 53] which may be one of the important etiological locations in schizophrenia. In addition, as suggested by
Palaniyappan et al. [54] , the differences in GMVs between two groups obtained using VBM are partially dependent on cortical thickness, surface area, and gyrifi cation which are acquired using surface-based morphometric methods in Freesurfer software. Thus, in the present study, we first used VBM to explore the relationship between the Val158Met polymorphism and GMV, and then explored the anatomical properties of cortical thickness and surface area using part of the Freesurfer software. We found that compared with healthy carriers of the Met158/Met158 genotype, schizophrenic patients with this genotype had a decreased GMV and reduced cortical thickness in the left precuneus. The precuneus is located in the posteromedial parietal cortex and plays an important role in a wide spectrum of highly-integrated tasks, including visuo-spatial imagery, episodic memory retrieval, and self-processing operations [55] . These cognitive functions are widely impaired in schizophrenia [56] [57] [58] [59] [60] [61] [62] [63] . Moreover, the precuneus has been suggested to be the 'core node' of the default mode network [64] , which has been hypothesized to be relevant to the pathological mechanism of schizophrenia [65] [66] [67] .
Decreased volume and cortical thickness of the precuneus in schizophrenia have also been detected in previous studies [50, 54, [68] [69] [70] , but are relatively rarely reported compared with the prefrontal and temporal lobes. A decreased volume of the precuneus has not been reported in drugnaive, first-episode schizophrenic patients [33, 35] , but was found in patients with the Met158/Met158 genotype in this study. One explanation of this discrepancy might be high sample heterogeneity. Schizophrenia is a clinically and etiopathogenetically heterogeneous disorder, thus the association between abnormal morphology of the precuneus and schizophrenia might be concealed by the effects of population stratifi cation [71] . So the signifi cantly in Met-allele carriers and Met homozygotes has also been reported in the hippocampus, the parahippocampal gyrus, the medial temporal lobe and the anterior cingulate in HCs in previous studies [17, [71] [72] [73] [74] . A possible explanation for these fi ndings in HCs might be the DA effect on brain maturation.
The expression of brain-derived neurotrophic factor in neurons can be regulated by DA [75] . Compared with the and their non-psychotic siblings [76] . Otherwise, it is also possible that the COMT gene is just a genetic marker, while other genes linked to the COMT gene might contribute to abnormal brain morphology and function in schizophrenia.
For example, the Val158Met polymorphism interacts with a P2 promoter region SNP (rs2097603) and an SNP in the 3' region (rs165599) in predicting an inefficient prefrontal working memory response [77] . Besides, other genetic variants, such as the DA D2 receptor [78] , might also play an important role in regulating the DA systems.
There are strengths and limitations in the present study. We recruited first-episode, neuroleptic-naïve schizophrenic patients to explore the effect of the COMT Val158Met polymorphism on brain morphology, by which confounding factors such as illness chronicity and antipsychotic administration were excluded. Moreover, besides GMV, cortical thickness and cortical area were studied to clarify the effect of the COMT Val158Met polymorphism. However, several limitations must be borne in mind. First, only a modest proportion of the variance in GMV can be explained by surface-based morphometric methods [54] , so GMV obtained by Freesurfer software might be more useful for exploring the relationship between GMV and surface anatomical properties. Second, considering the genotype effect on the structural maturation of the brain and that schizophrenia is a polygenetic disorder, a longitudinal neuroimaging genetic study exploring the relationship between genes and brain structural maturation could provide more information on the pathological mechanisms.
Third, we explored only the effect of the COMT Val158Met polymorphism on morphological changes in schizophrenia.
The effects on brain function need to be studied in future.
In summary, in a large sample, we found decreased GMV in the cerebellum and the visual, medial temporal, parietal, and middle frontal cortex in schizophrenia. In addition, our study is one of the largest imaging genetic studies to test the COMT effects on gray matter in schizophrenia in a Han Chinese population, and that the effect of the COMT gene on GMV in the precuneus in schizophrenia might be due mainly to changes in cortical thickness rather than changes in cortical surface area.
